Abstract: We propose specially designed gradually changing-period phase grating (GCPPG) and used it to monitor the orbital angular momentum (OAM) light beam. Based on GCPPG, zero-order diffraction can be eliminated, and the diffraction power can be concentrated to the first-order diffraction. In this way, the detection sensitivity of the OAM beam can be significantly improved.
Introduction
Vector light beams carrying orbital angular momentum (OAM) have been applied in many fields, especially for the emerging OAM-based spatial-division-multiplexing (SDM) optical communication systems [1] - [3] . Due to the ever-increasing demand for the data traffic, the OAM based multiplexed techniques become a hot topic in recent years. At the same time, new multiplexing, de-multiplexing, and monitoring technologies for OAM channels have become more complicated than the conventional wavelength domain. For OAM multiplexed optical communication systems, the effective monitoring of OAM state for each channel is very important to realize the de-multiplexing of the multiple OAM channels and then demodulate the transmitted data information.
Many methods have been proposed to realize the OAM state monitoring, most of them are based on interference or diffraction method. For interference based method [4] - [6] , the OAM light beam interferes with the reference light beam to generate the regular interference fringes, which can show the OAM state. However, the implementation of interference system is complicated especially if there are multiple multiplexed OAM channels. In addition, the stability of the interference measurement of OAM state will be influenced significantly for the OAM channel after long distance fiber transmission.
The diffraction effect based method can also be used to monitor OAM channel and is relative simple and stable compared with interference method. Several diffraction methods have been proposed to measure the OAM states, such as amplitude diffractive optical elements including triangular slit [7] , single slit [8] , double slit [9] , [10] , and forked grating [11] , [12] . Some other measurement schemes using circular plasmonic lens [13] and plasmonic photodiodes [14] have also been proposed. However, the topological charges of high order OAM beams are not clear and sensitive enough for diffraction based measurement. Recently, a gradually changing-period amplitude-grating (GCPAG) based OAM channel monitoring method has been proposed to measure a higher order OAM channel with improved performance; however, the sensitivity is not very good due to the three diffraction orders of the gradually changing-period amplitude-grating [15] .
In order to improve the sensitivity of GCPAG-based diffraction method, we proposed and demonstrated gradually changing-period phase-grating (GCPPG)-based monitoring method. Compared with the GCPAG-based method, the diffraction result is only one order diffraction with Hermite-Gaussian like pattern and thus can improve the sensitivity of OAM state monitoring greatly. At the same time, the accuracy of detection of higher order OAM beams keeps the same with GCPAG-based method, which offers a novel way for the OAM channel monitoring in the OAM-based SDM systems. The experimental results have a good agreement with the theoretical analysis experimental.
Analysis and Simulation
As mentioned above, the method using GCPAG to measure the OAM states of light beam is not sensitive enough due to diffraction power are divided into several orders. To improve the sensitivity of monitoring the OAM channels, we proposed a GCPPG to replace the GCPAG. The fundamental principle of GCPPG is that the phase gratings have higher diffraction efficiency than amplitude grating generally [16] .
We do simulations in MATLAB software to demonstrate our proposal. We first design the -jump gradually-changing-period phase grating according to the gradually-changing-period (GCP) amplitude grating. The transmission function of GCPAG and -jump GCP phase grating are described as t ¼ 1 cos
The structure distribution of GCPAG and -jump GCP phase grating are that if the value of the amplitude grating is zero, the relative value of the phase grating remains zero in phase. If the value of the amplitude grating is one, the value of the phase grating at the same position is set as in phase. The structure distribution of two gratings and the corresponding diffraction results of OAM light beam in simulation are shown in Fig. 1 . Fig. 1(a) shows the GCPAG and its diffraction result, while the Fig. 1(b) shows the -jump GCP phase grating and its diffraction result.
By comparing the simulation results using different grating, we can find that the -jump GCP phase grating does not have the zero order diffraction, which has no contribution to the monitoring of OAM state. In this way, the diffraction power of the high order OAM state will be increased relatively and thus the -jump GCP phase grating can greatly improve the diffraction efficiency and sensitivity of monitoring OAM channel compare to that of GCPAG.
In order to improve the sensitivity of -jump GCP phase grating further, one solution is to concentrate all the power to the first diffraction order by optimizing -jump GCP phase grating, which is actually a binary phase grating. It is well known that blaze grating can concentrate all the diffraction power to the first order diffraction. Therefore, we design a special GCP phase grating by introducing blaze grating.
As we know that the transmission function of blaze grating is, t ðx ; y Þ ¼ expði Ã k Ã x Þ, where k ¼ 2=T , T is the fixed period of the blaze grating. To realize the gradually-changing-period phase grating (GCPPG) based on the blaze grating, we can replace constant k of the blaze grating with variance k ðT i Þ, which satisfied with
The corresponding transmission function can be described as follows:
Further, we can control diffraction order flexibly according to measurement requirement. The diffraction of OAM light beam using this GCPPG are shown in Fig. 2 We can find from Fig. 2 that the special designed phase grating can concentrate all the diffraction power to the first order diffraction and the diffraction pattern remain the Hermite-Gaussianlike structure, which can be used to measure the OAM light beams. In Fig. 2(a) , we can find that as the discrete step function k a ðx Þ G 0, the diffraction power will be concentrated at the negative first order diffraction. While as the discrete step function k b ðx Þ > 0, the diffraction power will be concentrated at the positive first order diffraction.
In order to simplifying the design of the GCPPG, we can also replace the variance k ðT i Þ by using the trigonometric function as the transmission function of GCPPG
The diffraction results of GCPPG with a trigonometric transmission function is shown in Fig. 3 , where d ¼ À1600 is the gradually changing factor that represents the variation speed of the period of the grating, and x is satisfied with À1 G x G 1. The simulation results of OAM light beam with different topological charge using GCPPG are shown in Fig. 4 , The first row of Fig. 4 shows the intensity distributions of OAM beams with topological charge l ¼ À1; À2; À3; À4; À5; À8; À10 passing through the designed grating, while the second row shows the intensity distributions of OAM beams with topological charge l ¼ þ1; þ2; þ3; þ4; þ5; þ8; þ10 measured by the grating respectively. The insets of Fig. 4 enlarge the diffraction pattern of topological charge l ¼ AE8 and show the number and direction of dark lines in detail.
It can be found clearly that the number and direction of the dark lines of the diffraction pattern indicate the information of the topological charges of the OAM beams. The number of topological charges can be indicated by the number of dark lines of Hermite-Gaussian-like light pattern, while the angle between dark line and positive direction of x axis can indicate the sign of topological charges. Considering that there is only one order diffraction pattern in the far field when Fig. 3 . Simulation results of transmission function. y ¼ expði Ã ðÀ1600cosðx ÞÞÞ; À1 G x G 1. Fig. 4 . Simulation results of the intensity distribution of the OAM beams passing through the designed grating. The first and second rows are results when OAM beams with l ¼ À1; À2; À3; À4; À5; À8; À10 and l ¼ þ1; þ2; þ3; þ4; þ5; þ8; þ10, respectively. The insets (i) and (ii) depict the detailed information of the location and direction of dark lines.
the OAM beam passing through the specially designed grating, we can measure the incident OAM beams without diffraction induced power lost theoretically. As a result, the proposed method is sensitive to monitor the OAM channels.
Experimental Setup and Results
To verify the theoretical analysis, the experiments are carried out. The experimental setup used to monitor the OAM channel based on the proposed GCPPG method is shown in Fig. 5 . A decision feedback laser at 1550 nm is used as optical source with Gaussian beam. The first spatial light modulator (SLM), which is loaded with forked holographic grating, is used to generate the OAM beams to be multiplexed. We use different holograms to generate OAM beams with different topological charges. The hologram of specially designed GCPPG is loaded to the second SLM to measure the states of the incident OAM beams. A Fourier transform lens behind the second SLM is used to move the far field diffraction result to the back focal plane. Then, the far 6 . Experiment results of the intensity distribution of the OAM beams that pass through the designed grating. The first and second rows are results when OAM beams with l ¼ À1; À2; À3; À4; À5; À8; À10 and l ¼ þ1; þ2; þ3; þ4; þ5; þ8; þ10, respectively. The insets (i) and (ii) depict the detailed information of the location and direction of dark lines.
field diffraction pattern is captured by the CCD camera, and the OAM beams with topological l can be obtained.
The input power of the incident OAM beams is −3.0 dBm, which is detected by a space optical power meter. The power of the final diffract pattern is −5.8 dBm and the relevant experimental results are shown in Fig. 6 . The parameter d of the GCPPG used in experiment is set as −1600. The first row of Fig. 6 shows the intensity distribution of OAM beams with topological charge l ¼ À1; À2; À3; À4; À5; À8; À10 passing through the designed grating, while the second row shows the intensity distribution of OAM beams with topological charge l ¼ þ1; þ2; þ3; þ4; þ5; þ8; þ10 measured by the grating respectively. The insets show the detailed results of the incident OAM beams with topological charge l ¼ AE8, respectively. We can find that the experimental results have a good agreement with the theoretical analysis shown in Fig. 4 . In addition, the proposed OAM channels monitoring method based GCPPG is quite stable as we change the environmental temperature.
Conclusion
We proposed a sensitive method based on the gradually-changing-period phase-grating to monitor the OAM channel of OAM light beams in OAM-multiplexing optical communication systems. The gradually changing-period phase-grating is the key component to improve the sensitivity of the measurement relative to the conventional schemes. The proposed method is demonstrate to measure different topological charges and sign of the OAM beams just using the special designed phase grating.
